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 Abstract 
 
The mid-infrared is the spectral range between 2 m and 20 m. It is useful for chemical, biological, or 
environmental sensing since molecules have their own absorption spectra, called fingerprints, in the 
mid-infrared. Surface enhanced infrared absorption is a mechanism which many mid-infrared sensors 
are based on. It can be usually obtained from a plasmonic resonance around a metal nano-structure. 
Transparent conducting oxides (TCOs) behave like a metal in the mid-infrared. TCO nano-particles are 
superior to metal nano-particles since the former have more strongly confined plasmonic resonance 
modes than the latter. Therefore, TCO nano-particle arrays may be suitable for mid-infrared sensors. 
This thesis theoretically investigates the characteristics of indium-tin-oxide (ITO), which is a 
representative TCO, nano-particle arrays. The investigated ITO nano-particle arrays can be realized by 
using plasma surface treatment of a polymer film and deposition of ITO on the film. The array consists 
of a thin ITO film, a square or hexagonal lattice of ITO circular posts, and ITO nano-spheres sitting on 
the posts. It is analyzed how the characteristics depend on the diameter of the ITO nano-sphere, the 
spacing between the adjacent ITO nano-spheres, the dimensions of the post, and the carrier 
concentration in ITO. The analysis demonstrates that the ITO nano-particle arrays possess strong 
absorption of more than 50 % in the mid-infrared. The ITO nano-particle arrays may be used as a 
simply-realizable, low-cost platform for mid-infrared sensors based on surface enhanced infrared 
absorption. 
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Chapter1. Introduction 
1.1 Mid-Infrared 
The mid-infrared is the spectral range between 2 m and 20 m. It is useful for chemical, biological, or 
environmental sensing since molecules have their own absorption spectra, called fingerprints, in the 
mid-infrared. The mid-infrared spectral region contains strong characteristic vibrational transitions of 
many important molecules. Recently, selectivity molecular detection at nanoscale level in fingerprint 
region is in great demand for various applications.[1] Complex vibrational characteristics of molecules 
in bulk materials can be effectively distinguished to enable unambiguous identification of molecular 
structures and species [1],[2]. Fig. 1.1 show absorption spectra of diverse chemicals [1]. The mid-
infrared spectroscopy take advantage of diverse areas such as thermal imaging and chemical sensing. 
Especially, Mid-infrared spectroscopy is a widely used technique for material identification in chemical 
sensing. The enhancement of vibrational modes of molecules in the infrared “chemical fingerprinting” 
region of the spectrum, known as Surface-enhanced infrared absorption (SEIRA) spectroscopy, is a 
topic of rapidly increasing interest. Surface enhanced infrared absorption is a mechanism which many 
mid-infrared sensors are based on. It can be usually obtained from a plasmonic resonance around a 
metal nano-structure.   
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.1. Absorption spectra of the 4 gas components present in the mixture (red curves) and of 4 other chemicals of the 
spectral database (black and green curves). The green curve corresponds to the absorption spectrum of HCL. [1]   
1.2 Surface Enhanced Infrared absorption 
SEIRS is a spectroscopic technique used to identify molecular fingerprints by resonant detection of 
infrared vibrational modes through coupling with the plasmonic modes of an antenna. [3]  
SEIRA is based on the coupling between IR vibrational modes and plasmonic modes. Nanoparticle 
Antenna arrays can be using the application for identification of molecular fingerprints. [3] In specific 
wavelengths it is occur resonance peak. Figure. 1.2 show cross section of Asymmetric Aluminum 
Antenna for self-Calibrating Surface-Enhanced Infrared absorption Spectroscopy. [4]  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1.2. Cross section of Asymmetric Aluminum Antenna for Self-Calibrating Surface- Enhanced Infrared Absorption 
Spectroscopy (a) Comparison of spectra from a 3 x 3 Al antenna array (𝐿1 and 𝐿2 = 1800 and 650nm) before and after 
stearic acid (SA) functionalization in a 2mM solution. (b) Expanded view of the C-H group region molecular signal on 
the antennas and a reference spectrum of a stearic acid SAM on bulk aluminum film (scaled for visibility), with 
prominent vibrations at 2850, 2920, and 2950𝑐𝑚−1 labeled (c) Expanded view of CO vibration region with the 
vibrations indicated at 1464 and 1592𝑐𝑚−1, as well as a pair of mixed-strength C-O bonds at 1540 and 1560𝑐𝑚−1, 
indicating different types of bonding between the carboylate headgroup and the alumina surface. [4] 
1.3 Dielectric Constant of ITO 
Dielectric function is given by Drude model. Also, plasma frequency is expressed by the function of 
carrier concentration. When the carrier concentration is changed, optical properties are changed. In 
addition, Transparent conducting oxides (TCOs) behave like a metal in the mid-infrared. So TCO may 
be suitable for mid-infrared sensors. 
 
 
 
 
     
𝜀𝐼𝑇𝑂 = 𝜀∞ −  
𝜔𝑝
2
𝜔2 + 𝑖𝜔𝛤
 
Dielectric function of ITO is given by Drude model. 𝜀𝐼𝑇𝑂  is permittivity of ITO, 𝜔𝑝 is the plasma 
frequency, 𝛤 is relaxation rate.                      
𝜔𝑝
2 =  
𝑁𝑞2
𝜀∞𝑚∗
 
Plasma frequency is given by the function of carrier concentration. N is carrier concentration, q is 
electron charge, 𝑚∗is effective electron mass.  
 
 
(1.1)  
(1.2)  
Fig. 1-3.Real (ε1, black) and imaginary (ε2, blue) parts of the dielectric function of ITO obtained using Drude model 
fittings to experimental data from Johnson and Christy. ITO material parameters (𝜀∞,𝐼𝑇𝑂 = 3.9, 𝜔𝑝,𝐼𝑇𝑂 = 2.4 ×
1015rad/s, Γ𝐼𝑇𝑂 = 2.6 × 10
13rad/s) 
 
  
 
 1.4 Scattering and Absorption – ITO vs Au 
 
As simulation results, Fig. 1-4 show spectrum of extinction, absorption, scattering cross section with 
isolated ITO sphere and Au sphere in wavelength region from 1m to 3m. In case of Au sphere, it has 
large radius for the plasmonic mode. And then extinction mainly is caused by scattering in Au sphere. 
In case of the Au sphere, it is not occur effectively absorption. Comparing to ITO sphere, Au sphere 
have smaller absorption cross section than ITO sphere in Mid-IR. But extinction mainly is caused by 
absorbing in ITO sphere. So ITO nanoparticles are more suitable for SEIRA than Au nanoparticles.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1-4 (a) Extinction, (b) absorption, (c) scattering cross sections for isolated ITO sphere and Au sphere 
 
  
 
 1.5 ITO-Based SEIRA  
In the content of the reference papar [3], Fig. 1.5 show SEM images of ITO antenna arrays with with L 
= 0.5 m for spacings s = 600nm and s = 300nm.[3] Fig. 1.5(b) show Infrared transmission spectra of 
ITO antenna arrays dependent on array geometries presented in (a) and for various nanorod lengths L.[3] 
Transparent conducting oxides (TCOs) are large bandgap dielectric with a density of free carriers in 
between that of doped semi-conductors and noble metals. [3] So Optical property of ITO nano-particle 
arrays can be utilized in diverse areas such as sensing, spectroscopy. Also, ITO-Based SEIRA can be 
used in a variety of areas such as sensing, spectroscopy.    
 
   
Fig. 1-5. (a) SEM images of ITO antenna arrays with L = 0.5 m for spacings s = 600nm (i) and s = 300nm (ii). (b) 
Infrared transmission spectra of ITO antenna arrays corresponding to typical array geometries presented in (a) and for 
various nanorod lengths L. The arrays were covered with a 50nm PMMA layer, resulting in sharp SEIRS features due 
to plasmon coupling with vibrational resonances. [3]   
Nano Lett.14, 346 (2014) 
(b)  (a)  (c)  
1.6 Investigated ITO Nanostructure 
In reference paper, Fig. 1-6 (a) schematically show FE-SEM images demonstrating the evolution of the 
ITO nanoarrays on the surfaces of polymer substrates that were pretreated under various condition.[5] 
Fig. 1-6 (b) (left figure) show a compact ITO nanoarray on a polymer surface that was pretreated for a 
relatively short period of 1min.[5] In Fig. 1-6 (c), it is shown for a loose ITO nanoarray on a polymer 
surface that was pretreated for an extended period of 3 min.[5] The investigated ITO nano-particle 
arrays can be realized by using plasma surface treatment of a polymer film and deposition of ITO on 
the film. 
 
  
ACS Appl. Mater. Interfaces 5, 164 (2013) 
Fig. 1-6. (Left) FE-SEM images demonstrating the evolution of the ITO nanoarrays on the surfaces of polymer 
substrates (a) a continuous ITO layer on a pristine, untreated polymer surface, (b) a compact ITO nanoarray on a 
polymer surface that was pretreated for a relatively short period of 1 min, and (c) a loose ITO nanoarray on a polymer 
surface that was pretreated for an extended period of 3 min. (Right) high-angle annular-dark-field image of an ITO 
nanoarray coated on a PET surface. [5] 
2.1 Simulation Model and Parameter 
 
            
 
 
 
It is given by parameter which are rs (sphere radius), rp(post radius), hp(post height), tf(film thickness), 
(Period). Gap between ITO nanoparticles is expressed by Lgap= L - 2r. 
As changed by the parameters, we analyze the absorption spectrum of ITO nanostructure. The array 
consists of a thin ITO film, a square or hexagonal lattice of ITO circular posts, and ITO nano-spheres 
sitting on the posts. It is analyzed how the characteristics depend on the diameter of the ITO nano-
sphere, the spacing between the adjacent ITO nano-spheres, the dimensions of the post, and the carrier 
concentration in ITO 
 
 
 
 
 
 
Fig. 2-1 Simulation Model and Parameters  
rs (sphere radius), rp( post radius), hp(post height), tf ( film thickness), 
L(Period) 
 
 
2.2 Square or Hexagonal Lattice Structure 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
We simulate that absorption spectrum of a periodic array of ITO nanostructure in two cases which are 
square and hexagonal structure. The top view of the unit cell of square lattice structure and hexagonal 
lattice structure is shown in Fig.2-2 (a), (c). Schematic view of ITO nanostructure in two cases is 
shown in Fig.2 (b), (d). We analyzed how the characteristics depend on the ITO nano-sphere, the 
spacing between the adjacent ITO nano-spheres, the dimensions of the post , and the carrier 
concentration in ITO. The finite difference time-domain method (FDTD Solutions, Lumerical Inc.) 
was used for simulations. Fine mesh sizes of 1nm in ITO structure region were used to ensure 
convergence. Normal incident plane wave source was used to the simulation. It is broadband light 
from 0.3m to 5m. We applied periodic boundary condition in x, y direction and PML (perfectly 
matched layer) boundary condition in z direction. 
  
Unit cell 
Unit cell 
(b)  
(c)  (d)  
(a)  
Fig. 2-2 (a) Unit cell of square lattice of ITO    (b) Square lattice structure 
     (c) Unit cell of hexagonal lattice of ITO      (d) Hexagonal lattice structure 
 
 
 
3.1 Transmission, Reflection, and Absorption of ITO nanostructures 
 
       
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3-1 (a) shows spectrum of calculated transmission, reflection, absorption in ITO nanostructure 
for rs = 50nm, L = 160nm (Lgap = 60nm), rp = 60nm, hp = 40nm, tf = 50nm. 
As can be seen from Fig.3-1(a), the peak wavelength position of transmission, reflection, absorption 
spectrum correspond approximately. Fig. 3-1 (b) shows spectrum of calculated extinction cross 
section and absorption. The peak wavelength position of spectrum of extinction cross section and 
absorption is a bit of a difference, but the peak wavelength position is similar to wavelength region. 
As shown for Fig. 3-1 (b), the resonant peak position of extinction cross section for ITO is related to 
the carrier concentration. Fig. 3-1 (c) shows electric field distribution in the xz plane at absorption 
peak. 
  
Fig. 3-1 (a) Calculated transmission, reflection, absorption for rs = 50 nm, L = 160nm  
(Gap = 60nm), rp = 60nm, hp = 40nm, tf = 50nm. (b) Calculated extinction cross section (black, left axis) 
and absorptance (blue, right axis). (c) Electric field distribution in the xz plane at absorption peak. (d) 
Electric field distribution in the xy plane at absorption peak. 
 
 
 (c)     (d)  
 
 
 
(b)  (a)  
(d)  (c)  
A strong electromagnetic field is induced in both sides of the ITO structure. The localized surface 
plasmon resonance occur in both sides of the ITO structure. The field pattern with dipole resonance 
is similar to that when LSPR is excited, which is occurred by oscillating plasmons and strongest 
field.[6], [8] Fig. 3-1 (d) shows electric field distribution in the xy plane at absorption peak. A strong 
electromagnetic field is induced in both sides of the ITO structure. Also, the localized surface 
plasmon resonance occur in both sides of the ITO structure.[9] The LSPR occurred from this 
structure is similar to dipole resonance. 
  
3.2 Absorption Spectra Depending on period (L) 
 
 
 
 
 
 
 
 
Fig. 3-1 show absorption spectra varied with period for rs = 50nm, rp = 30nm, hp = 40nm, tf = 50nm. 
It is shown that the resonance peak is separated to the two resonance wavelengths when the period is 
below 130nm. To understand the behavior of the absorption peak, we check the electromagnetic field 
profile at resonance wavelengths. Fig. 3-1 show the electromagnetic field distribution at  = 1.9m,  
= 2.3m. The strong absorption at resonance wavelengths show the strong local field enhancement 
when dipole resonance is excited in both sides of the ITO structure. 
 
  
(b)  (a)  
(d)  (c)  
Fig. 3-2 (a), (b) absorption spectra varied with period for rs = 50 nm, rp = 30nm, hp = 40nm,  
tf = 50nm. (c) Electric field distribution in the xz plane at absorption peak ( = 1.9m) for L=110nm. (d) Electric 
field distribution in the xy plane at absorption peak ( = 2.3m) for L=110nm. 
 
 
 
 (c)     (d)  
 
 
 
3.3 Absorption Spectra for rs = 30 nm and 70 nm 
 
 
 
 
 
It was shown for absorption spectrum with varied period when sphere radius is 30nm and 70nm in 
Fig. 3-2. As shown in Fig. 2-5 (a), the resonance peak is blue shifts when period between 
nanoparticles increase from 70nm to 90nm. But we show that the resonance peak nearly doesn’t 
change when period between nanoparticles increase 100nm to 120nm in Fig. 2-5 (b). We analyze that 
resonance wavelengths nearly doesn’t change because particle to particle interaction is weak when 
period is above 100nm. In addition, as shown in Fig. 3-2 (c), we show that the resonance peak nearly 
doesn’t change when period between nanoparticles increase 180nm to 200nm. But, we analyze that 
resonance wavelengths largely doesn’t change because particle to particle interaction is weak when 
period is above 180nm. And then, as shown in Fig.3-2 (b), (d), it is shown for the one resonance peak 
when gap between nanoparticles is above about 40nm. On the other hand, when gap is smaller than 
about 40nm in case of Fig. 3-2 (a), (c), it is shown for the two resonance peak. 
 
 
(d)  
(b)  
(c)  
(a)  
Fig. 3-3 (a), (b) absorption spectra varied with period for rs = 30 nm, rp = 10nm, hp = 20nm, tf = 50nm.  
(c), (d) absorption spectra varied with period for rs = 70 nm, rp = 30nm, hp = 40nm, tf = 50nm. 
3.4 Absorption Spectra Depending on rs  
 
Fig. 3-4 (a) show the absorption spectra with varied sphere radius when gap length is fixed at Lgap = 
60nm. Fig. 3-4 (b) show the absorption spectra with varied sphere radius when gap length is fixed at 
Lgap = 10nm. Fig. 3-4 (c) show resonance peak position with varied sphere radius when gap length is 
fixed at Lgap = 60nm.The resonance wavelength is redshift when sphere radius is increase from 30nm 
to 70nm. In case of Lgap = 10nm, the resonance wavelengths also is redshift when sphere radius is 
increase from 30nm to 70nm.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
(d)  
(b)  
(c)  
(a)  
Fig. 3-4 (a), (b) absorption spectra varied with period at Lgap = 60nm, Lgap = 10nm. (c), (d) resonance peak position 
varied with sphere radius at Lgap = 60nm, Lgap = 10nm. 
3.5 Absorption Spectra Depending on tf  
 
Fig. 3-5 is shown for the absorption spectra varied with (a) post radius, (b) post height. 
As indicated for Fig. 3-5, we analyze that the influence of rp or hp on the resonance is weak.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 3-5 absorption spectra varied with (a) post radius, (b) post height 
 
(b)  
(a)  
3.6 Absorption Spectra Depending on tf  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
It was shown for absorption spectra varied with film thickness for rs = 50 nm, L = 150nm, rp = 30nm, 
hp = 40nm, tf = 50nm. It is shown for the one resonance peak when film thickness is below 100nm. 
But it is shown that the resonance peak is separated to the two resonance wavelengths when film 
thickness is above 150nm. Fig. 3-6(b), (c) is shown for the electromagnetic field distribution at  = 
1.9m,  = 2.3m. The strong selective absorption at resonance wavelengths show the strong local 
field enhancement when dipole resonance is excited in both sides of the ITO structure. The geometric 
effects on the LSPR obviously show that the peak wavelengths of selective strongly depend on the 
period of the nanoparticles.[6], [7], [9] 
 
 
  
Fig. 3-6 (a) absorption spectra varied with film thickness for rs = 50 nm, L = 150nm,  
rp = 30nm, hp = 40nm, tf = 50nm. (b) Electric field distribution in the xz plane at absorption peak ( = 
1.9m) for L=150nm. (c) Electric field distribution in the xy plane at absorption peak ( = 2.3m) for 
L=150nm. 
 
 
 
 (c)     (d)  
 
 
 
Electric field distribution at  = 1.9m 
Electric field distribution at  = 2.7m 
(b)  
(c)  
(a)  
3.7 Absorption and Scattering Depending on N 
 
 
 
 
 
Extinction, absorption, scattering cross sections are shown in Fig. 3-7 (a), (b), (c) for isolated ITO sphere 
varied with carrier concentration. Carrier concentration of N2, N4, N6 is 2 × 1020, 4 × 1020, 6 ×
𝑵𝟐:  𝟐 × 𝟏𝟎𝟐𝟎𝒄𝒎−𝟑 
𝑵𝟒: 𝟒 × 𝟏𝟎𝟐𝟎𝒄𝒎−𝟑 
𝑵𝟔: 𝟔 × 𝟏𝟎𝟐𝟎𝒄𝒎−𝟑 
Fig. 3-7 (a) Extinction, (b) absorption, (c) scattering cross sections for isolated ITO sphere varied with carrier 
concentration. 
 
  
 
1020(𝑐𝑚−3). When the carrier concentration is increase, resonance peak wavelengths is blue shift. It is 
related to permittivity of ITO. Real part of dielectric function of ITO is shift in the short wavelength 
region. 
 
3.8 Absorption Spectra Depending on N 
 
 
 
 
Fig. 3-8 show the spectrum of extinction, absorption, scattering cross sections for isolated ITO sphere 
varied with carrier concentration for (a) gap = 10nm, (b) gap = 60nm. It is shown for the two resonance 
peak when gap length between nanoparticles is 10nm. On the other hand, it is shown for the one 
resonance peak when gap length is 60nm. In both cases which is spectrum at gap = 10nm, gap = 60nm, 
the resonance peak is blue shifts when the carrier concentration is increase from 2 × 1020/𝑐𝑚−3 to 6 ×
1020/𝑐𝑚−3. 
𝑵𝟐:  𝟐 × 𝟏𝟎𝟐𝟎𝒄𝒎−𝟑 
𝑵𝟒: 𝟒 × 𝟏𝟎𝟐𝟎𝒄𝒎−𝟑 
𝑵𝟔: 𝟔 × 𝟏𝟎𝟐𝟎𝒄𝒎−𝟑 
Fig. 3-8 Extinction, absorption, scattering cross sections for isolated ITO sphere varied with carrier 
concentration for (a) gap = 10nm, (b) gap = 60nm. 
 
  
 
We analyze that resonance wavelengths nearly doesn’t change because particle to particle interaction is 
weak when gap length is 60nm. But compared to absorption spectrum at gap = 60nm, resonance 
wavelengths is split because particle to particle interaction is relatively stronger. We know that 
absorption spectrum have strong dependence on gap length between particles. [15], [16] 
 
3.9 Hexagonal Lattice Structure Results 
 
 
 
Comparing hexagonal structure to square structure, it is similar the absorption spectrum in two cases. 
But we show that the resonance peak nearly doesn’t change when period between nanoparticles increase 
140nm to 160nm in Fig. 3-9 (b). We analyze that resonance wavelengths nearly doesn’t change because 
particle to particle interaction is weak when period is above 100nm. So it is shown for the one resonance 
peak when gap between nanoparticles is above about 40nm. On the other hand, when gap is smaller 
than about 40nm in case of Fig. 3-9 (a), (b), it is shown for the two resonance peak.  
Fig. 3-9 absorption spectra varied with period for (a) hexagonal structure, (b) square structure. (R=50nm) 
 
 
We analyze that absorption spectra have dependence on period due to effects of interaction between 
nanoparticles. 
 
4. Summary & Conclusion 
 
It can be usually obtained from a plasmonic resonance around a metal nano-structure. Transparent 
conducting oxides (TCOs) behave like a metal in the mid-infrared. TCO nano-particles are superior to 
metal nano-particles since the former have more strongly confined plasmonic resonance modes than 
the latter. Therefore, TCO nano-particle arrays may be suitable for mid-infrared sensors. This thesis 
theoretically investigates the characteristics of indium-tin-oxide (ITO), which is a representative TCO, 
nano-particle arrays. The investigated ITO nano-particle arrays can be realized by using plasma 
surface treatment of a polymer film and deposition of ITO on the film. The array consists of a thin 
ITO film, a square or hexagonal lattice of ITO circular posts, and ITO nano-spheres sitting on the 
posts. It is analyzed how the characteristics depend on the diameter of the ITO nano-sphere, the 
spacing between the adjacent ITO nano-spheres, the dimensions of the post, and the carrier 
concentration in ITO. We analyzed that resonance wavelengths nearly doesn’t change because particle 
to particle interaction is weak when gap length is 60nm. But compared to absorption spectrum at gap 
= 60nm, resonance mode are split because particle to particle interaction is relatively stronger. We 
figure out that absorption spectrum have strong dependence on gap length between particles. Also, 
depending on post radius or post height of ITO nanostructure, resonance peak position is changed 
little. Though these results, we recognize the influence of post radius or post height on the resonance 
is weak. When the film thickness is above 100nm, resonance mode are split. When the carrier 
concentration is increase, resonance peak position is blue shift. It is related to permittivity of ITO. If 
the carrier concentration is increase, real part of dielectric function of ITO is shift in the short 
wavelength region. So its characteristics can be tuned by controlling the carrier concentration. 
Comparing hexagonal structure to square structure, it is similar the absorption spectrum in two cases. 
Absorption spectra have dependence on period due to effects of interaction between ITO 
nanoparticles. The analysis demonstrates that the ITO nano-particle arrays possess strong absorption 
of more than 50 % in the mid-infrared. The ITO nano-particle arrays may be used as a simply-
realizable, low-cost platform for mid-infrared sensors based on surface enhanced infrared absorption. 
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